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摘  要 
 
I 
摘  要 
本研究以翡翠贻贝(Perna viridis)为实验动物，纯化并分离了消化腺谷胱甘肽硫转
移酶(GSTs)同工酶，并对它们的部分性质进行研究；在实验室生态条件下翡翠贻贝分
别暴露于 0.1 µg/L、0.5 µg/L、2.5 µg/L B(a)P 和 0.01 mg/L、0.1 mg/L、1 mg/L Cd2+，
检测 1 d、7 d、14 d、28 d 及修复后一周即 35 d 翡翠贻贝消化腺 GSTs 活性的变化、
ELISA 测定 GSTs M1 含量变化，并对可能的机理进行了初步探讨，以期筛选出能反
映海洋环境污染程度的生物标志物，为建立系统灵敏的环境监测体系提供技术支持。
主要研究结果如下： 
1、以翡翠贻贝消化腺为材料，经 GST rapTM FF 柱亲和层析，分离纯化得到总
GSTs。而后经 DEAE 离子交换层析得到三个洗脱峰 M1、M2、M3，对其进行
SDS-PAGE 分析，结果表明 M1 亚基分子量为 25 kDa，M2 由 25 kDa 和 23 kDa 两个亚
基组成，而 M3 由 27 kDa 和 23 kDa 两个亚基组成。离子交换层析后 GSTs M1，GSTs 
M2 和 GSTs M3 的含量分别占总蛋白含量的 77%，16%，3%。 
2、以 1-氯-2，4-二硝基苯(CDNB)、3，4-二氯硝基苯(DCNB)、4-硝基氯化苄(NBC)、
利尿酸(ETHA) 4 种为底物测定 M1、M2、M3 动力学参数，发现 M1、M2、M3 分别对
ETHA、DCNB、NBC 亲和力最大，Km 分别为 1.08 mmol/L、1.51 mmol/L、0.89 
mmol/L，Vmax 分别为 54.9 μmol/min/mg，40.3 μmol/min/mg，19.4 μmol/min/mg。翡
翠贻贝消化腺 GSTs 的最适温度为 33℃，最适 pH 为 7.0，而同工酶 M1 的最适温度为
30℃，同工酶 M2、M3的最适温度均为 33℃，三种同工酶最适 pH 均为 7.5。 
3、在苯并芘(B(a)P)胁迫下，翡翠贻贝消化腺 GSTs 活性整体上被诱导，在第 7 d 
0.1 μg/L 组达到最大，约是对照组的 2 倍；0.1 μg/L、0.5 µg/L B(a)P 胁迫均能诱导 GSTs
活性增强(P＜0.05)，但 0.1 μg/L 组变化幅度大于 0.5 µg/L 组；2.5 µg/L 组除了在第 1 d
胁迫后 GSTs 活性显著抑制(P<0.05)外，其他均高于或者显著高于对照组；各组在第
35 d 时基本恢复对照组水平，但整体 GSTs 活性略高于第 0 d。 
4、在 Cd2+胁迫下，翡翠贻贝消化腺 GSTs 活性被诱导增强，达到相对平衡后逐
渐下降至常态；0.01 mg/L 组 GSTs 活性在第 1 d、7 d、14 d 显著增强(P<0.05)；0.1 mg/L
组均呈现诱导表达，GSTs 活性显著增强(P<0.05)；1 mg/L 组 GSTs 的诱导表达整体受
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II 
5、在 B(a)P 胁迫下，翡翠贻贝消化腺 GSTs M1 含量在整体上呈现被缓慢诱导后
逐渐恢复常态的趋势；0.1 μg/L 组被显著诱导(P<0.05)，在第 14 d 达到最大值，约是
对照组的 14 倍；2.5 µg/L 组在实验期间基本处于被抑制状态，但第 7 d 被显著诱导(P
＜0.05)；各个浓度组在第 35 d 基本恢复至对照组，但 2.5 µg/L 组除外。在 Cd2+胁迫
下 GSTs M1 含量迅速上升，在第 1 d 达到最大后缓慢下降，0.01 mg/L Cd2+能显著诱导
GSTs M1 含量增加(P<0.05)，而 1 mg/L 组基本呈现抑制状态，在第 14 d 显著抑制
(P<0.05)。各浓度组在第 35 d GSTs M1 含量基本恢复至对照组水平，但却均低于第 0 
d。 
6、B(a)P 胁迫下，GSTs M1 含量与 GSTs 活性相关分析表明，在第 1 d、7 d、14 d、
28 d 成显著相关；Cd2+胁迫下，GSTs M1 含量与 GSTs 活性在第 1 d、7 d 时具有显著
相关。表明 GSTs M1 含量与 GSTs 活性变化对不同的污染物有不同的剂量-时间效应。 





















In this study, glutathione S-transferases(GSTs) isomyzes were purified and separated 
from digestive gland of mussel (Perna viridis), and partical characterization were studied.  
The mussel were exposed to 0.1 µg/L,0.5 µg/L, 2.5 µg/L B(a)P, and 0.01 mg/L, 0.1 mg/L, 
1 mg/L Cd2+, for 1st, 7th, 14th, 28thday, and shifted to clean seawater for a week. GSTs 
activities and the content of GSTs isozyme M1 (by ELISA) in digestive gland were 
measured. The results showed: 
1. GSTs in digestive gland of mussel were purified by GST rapTM FF. Then three 
GSTs isozymes (M1, M2, M3) were separated and purified with ion exchange 
chromatography. SDS-PAGE analysis showed that M1 had a single subunit with the 
apparent molecular mass of 25 kDa, while M2 and M3 had two subunits with the apparent 
molecular mass of 25 kDa and 23 kDa, 27 kDa and 23 kDa, respectively. The ratio of GSTs 
M1, GSTs M2 and GSTs M3 in total GSTs were 77%, 16%, 3%, respectively. 
2. Enzymatic kinetic analysis of M1, M2, M3 with 1-chloro-2,4-dinitrobenzene 
(CDNB), 3,4-dichloronitrobenzene(DCNB), 4-nitrobenzyl chloride(NBC) and ethacrynic 
acid(ETHA) as substrates, showed that GSTs M1, M2, M3 had the better affinity to ETHA, 
DCNB, NBC, respectively, and Km were 1.08 mmol/L, 1.51 mmol/L, 0.89 mmol/L 
respectively; Vmax were 54.9 μmol/min/mg, 40.3 μmol/min/mg, 19.4 μmol/min/mg 
respectively. The optimal catalytic temperature of GSTs was 33℃, and the optimal 
catalytic pH was 7.0, while the optimal temperature of GSTs M1 was 30℃ and the optimal 
pH was 7.5. And the optimal temperature of GSTs M2 and GSTs M3 were 33℃ and the 
optimal pH were 7.5, respectively. 
3. After exposure to B(a)P, the mussel GSTs activities were induced on the whole. 0.1 
μg/L group reached the maximum at 7th day, approximately 2 times of the control group. 
0.1 μg/L and 0.5 μg/L B(a)P induced GSTs activity increasing significantly(P<0.05), but 
0.1 μg/L group were larger than 0.5 μg/L group on amplitude. 2.5 μg/L B(a)P inhibited 
GSTs activity significantly(P<0.05) at 1st day, but other days were higher or significantly 
higher than the control group. At the 35th day, GSTs activities in all groups were slightly 















4. After exposure to Cd2+, the results indicated that the activity of GSTs in all 
treatment groups were induced , and then down to normal after a certain of relative balance. 
0.01 mg/L Cd2+ induced GSTs activity significantly(P<0.05) at 1st day, 7th day and 14th . 
0.1 mg/L Cd2+ induced GSTs activity significantly during the treanment period(P<0.05). 1 
mg/L concerntration Cd2+ inhibited GSTs activity significantly(P<0.05) on the whole. At 
the 35th day, the activity of GSTs in all group resumed to the control level. 
5. After exposed to B(a)P, the content of GSTs M1 induced slightly in digestive gland 
of mussel and then resumed to normal gradually on the whole. 0.1 μg/L B(a)P can induce 
the content of GSTs M1 significantly(P<0.05), and reached the maximum at 14th day, 
approximately 14 times of the control group. 2.5 µg/L B(a)P can inhibit the content of 
GSTs M1 significantly(P<0.05) except at 7th day. Under the Cd2+ stress, the content of 
GSTs M1 was elevated rapidly and reached the maximum at 1st day, then resumed to 
normal gradually. 0.01 mg/L Cd2+ can induce the content of GSTs M1 increased 
significantly(P<0.05). 0.1 mg/L Cd2+ can inhibit the content of GSTs M1 significantly 
(P<0.05) especially at 14th day. At the 35th day, the content of GSTs M1 in all group 
resumed to the control level.  
6. Correlation analysis of GSTs M1 content and GSTs activity under the stress of 
B(a)P , showed that the two indicators were significant difference at the 1st d, 7th d, 14th d, 
28th d (P <0.05). The two indicators were significant difference under the B(a)P stress, has 
a good  time-dose effect, but that were no significant difference before or after the B(a)P 
stress (P>0.05). GSTs M1 content and GSTs activity under the Cd2+ stress were significant 
difference at the 1st d, 7th d (P<0.05), but had no significant difference at the 0th d, 14th d, 
28th d, 35th d(P>0.05), indicating that the content of GSTs M1 and GSTs activity had 
different time-dose effects to the different pollutants. 
7. GSTs M1 content was a more sensitive biomarker than the GSTs activity, especially 
in the early time of cadmium pollution. 
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1.1 海洋双壳类谷胱甘肽硫转移酶(GSTs)研究 










































迄今为止，海洋生物的 GSTs 的分类还没有明确的标准。海洋生物的 GSTs 分类
方面的工作受到一定的限制，主要是因为人们把重心集中在海洋生物 GSTs 解毒过程
的研究中。事实上，只有为数有限的海洋生物 GSTs 的动力学特点和完整的氨基酸序
列被描述[11,12,13] 。除了运用上述海洋生物的 GSTs 特征来描述之外，还有一些 GSTs
是通过免疫化学技术来描述的[12,14]。虽然哺乳动物的 GSTs 抗体对海洋生物的 GSTs
没有交叉反应的存在，但是免疫交叉反应有可能为海洋生物的 GSTs 分类提供有用的
信息。 
海洋生物 GSTs 分类建立在哺乳动物分类基础上，包括 GSTs-α, GSTs-μ, GSTs-π, 
GSTs-σ 和 GSTs-θ[11]，但是考虑到有些海洋生物 GSTs 不同的特性时，它们可能属于
不同的类型。从一些被充分研究的海洋生物 GSTs 的分类以及部分海洋生物 GSTs 的
免疫化学反应可以看出，海洋生物的 GSTs 在 GSTs 进化过程中可能形成了独立分支
[1]。 
1.1.3 海洋双壳类 GSTs 的研究进展 
目前对于 GSTs 的基础研究主要是集中在人和哺乳动物，水生生物仅限于鱼类如
红海鲷 (Lophiomus setigerus)、胖头鱼 (Aristichthys nobilis)、鲟鱼 (Acipenser sturio 
linnaeus)、鲑(Oncorhynchus keta)、比目鱼(Temmincket schlegel)、鲽鱼(Pleuronectes 
platessa)、真鲷(Pagrosomus major)[10,15]，甲壳类如虾、蟹，比较有限，对海洋双壳类
GSTs 的研究则更少，主要是牡蛎(Crassostrea virginica)、贻贝(Mytilus edulis)等数个物种，
研究还不够深入，内容主要涉及结构基因研究、同工酶类型以及组织分布等，而且大
多数是建立在陆生动物 GSTs 研究的基础上[16]。较早的有 Fitzpatrick 等(1995)[17]对紫
贻贝 GSTs 同工酶的组织分布、纯化和性质研究。近几年研究有所加强，如 Brian 等
(1999) [18]从北美圆蛤(Mercinaria mercinaria)体内分离提纯出的 GSTs 并对其酶学特性
进行了研究。在以 CDNB 为底物对提纯后的酶进行动力学分析中，得到其酶活性为
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圆蛤体内的 GSTs 为酸性，将其归类为 GSTs-π。在后续的研究中，他们进一步分离纯
化了圆蛤 GSTs 得到 3 种同工酶[19]；Bjornar Myrnes 等(2007) [20]从冰岛海扇蛤(Chlamys 
islandica müller)的消化腺中，经过 GST rapTM FF 单独层析分离得到纯化的 GSTs 并对
其部分特性进行了研究，SDS-PAGE 的结果表明 GSTs 是 22 kDa 亚基的同型二聚体，
还总结了所有被研究的非脊椎生物的GSTs都是亚基分子量为 20-27 kDa的同源蛋白。
在以 CDNB 为底物对提纯后的酶进行动力学分析中，得到酶活性为 300.6 
μmol/min/mg，对 GSH 的 Km 值为 0.3 mmol/L，对 CDNB 的 Km 值为 0.4 mmol/L，另
外，还阐述了 GSTs 和冰岛海扇蛤谷胱甘肽硫转移酶 cDNA 基因的分离和部分特性。 
但总而言之，对海洋双壳类 GSTs 及同工酶的基础研究还不够系统和广泛。 






外学者进行了一些关于环境污染物对 GSTs 酶的影响方面的研究。Martinez Lara 等
(1996) [22]对双壳类暴露在污染物情况下体内 GSTs 酶的变化情况进行研究，发现 GST
酶是一类可作为早期环境污染标记物的分子生物标记物；Bainy 等(2000) [23]也发现翡
翠贻贝(Perna perna)在污染环境条件下 180 d 后体内 GSTs 酶活性显著提高；国内杨海
灵等(2003) [24]对对生蒴蛤(Asaphis dichotoma)谷胱甘肽转移酶进行了光谱研究，李东晓
等(2009)[25]研究了三丁基锡对翡翠贻贝谷胱甘肽硫转移酶活性的影响，但这些研究多
倾向于对 GSTs 总酶的关注，对 GSTs 同工酶的研究并不多见。Gallagher 和 Sheehly 
(2000) [26]指出环境因素导致的 GSTs 同工酶的变化可能影响生物体对污染物的抵抗力
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